. During exercise, there is a progressive reduction in the ability to produce muscle force. Processes within the nervous system as well as within the muscles contribute to this fatigue. In addition to impaired function of the motor system, sensations associated with fatigue and impairment of homeostasis can contribute to the impairment of performance during exercise. This review discusses some of the neural changes that accompany exercise and the development of fatigue. The role of brain monoaminergic neurotransmitter systems in whole-body endurance performance is discussed, particularly with regard to exercise in hot environments. Next, fatigue-related alterations in the neuromuscular pathway are discussed in terms of changes in motor unit firing, motoneuron excitability, and motor cortical excitability. These changes have mostly been investigated during single-limb isometric contractions. Finally, the small-diameter muscle afferents that increase firing with exercise and fatigue are discussed. These afferents have roles in cardiovascular and respiratory responses to exercise, and in the impairment of exercise performance through interaction with the motor pathway, as well as in providing sensations of muscle discomfort. Thus, changes at all levels of the nervous system, including the brain, spinal cord, motor output, sensory input, and autonomic function, occur during exercise and fatigue. The mix of influences and the importance of their contribution vary with the type of exercise being performed.
I
n humans, muscle fatigue can be defined as any exerciseinduced reduction in the ability to produce force or power with a muscle or muscle group. Ultimately, the production of force or power depends on contractile mechanisms within skeletal muscle fibers. However, a chain of processes in the nervous system and the muscle precede voluntary muscle contraction and changes at any level of this pathway could also impair force or power generation. It is well recognized that fatigue of the muscle itself occurs through multiple mechanisms related to both the contractile apparatus and how it is engaged through the depolarization of the muscle fiber membrane. Commonly, fatigue through processes at or distal to the neuromuscular junction is known as peripheral fatigue (e.g., 14, 31) . However, neural drive to the muscle determines if, when, and to what degree muscle fibers are activated. Hence, processes within the central nervous system (CNS) that reduce neural drive to the muscle can also contribute to the decline in force or power and compromise performance. This phenomenon is known as central fatigue ( Fig. 1 ) and applies to single-joint exercise (e.g., elbow flexion) involving a relatively small muscle mass, but also to multiple-joint and whole-body exercise (e.g., cycling) involving a large muscle mass. In health, muscle fatigue limits athletic performance and other strenuous or prolonged activity. When it affects everyday tasks, such as carrying a heavy shopping bag or a child, or climbing flights of stairs, it is managed by swapping from one set of muscles to another or by periods of rest or reduced activity. However, in many disorders, muscle fatigue is increased and restricts daily life. Such disorders include neurological, muscular, cardiovascular, and respiratory diseases, but also aging and frailty, and any disorder that enforces inactivity and leads to deconditioning.
Fatigue can alter overt performance, such that the task is performed more slowly or clumsily or even cannot be performed successfully, or it can alter the neuromuscular activity required to perform the task, and this may be evident as increased electrical activity of the muscle (EMG). In addition, there are sensations that accompany muscle fatigue, such as muscle pain or discomfort and perception of increased effort. In whole-body exercise, disturbances to the homeostasis of multiple systems provide signals that directly or indirectly affect the motor system. Thus, there are multiple neural alterations that are associated with exerciseinduced fatigue. Some of these alterations represent processes that reduce voluntary muscle force and so contribute to fatigue. By contrast, others reflect compensation to allow successful task performance despite impairment elsewhere in the neuromuscular system. This review will discuss some of the neural changes that occur with fatiguing exercise. It will start with the influence of different neurotransmitter systems on whole-body exercise performance and the development of fatigue. Next, it will focus on changes within the direct neuromuscular pathway by describing the behavior of motor units (MU), motoneurons, and motor cortex during fatiguing contractions. Finally, it will discuss the contribution of small-diameter muscle afferents, which fire with fatigue, to the impairment of exercise performance.
BRAIN CHANGES ASSOCIATED WITH PERFORMANCE
Neurotransmitters dictate and create the communication between neurons in different brain regions and neuronal pathways. Generally speaking, nerve cells in the brain have a tendency to fire all the time. There is an incessant, irregular discharge from billions of nerve cells, giving a massive ''background noise.'' Probably none of the neurons in the brain are exposed only to excitation, and certainly no nerve cells are affected solely by inhibitory signals. Therefore, understanding the function of various neurotransmitters is important in understanding their role during whole-body exercise and fatigue. The monoamines serotonin (5-hydroxytryptamine ), dopamine (DA), and noradrenaline (NA) play a key role in signal transduction between neurons, and exerciseinduced changes in the concentrations of these neurotransmitters (especially 5-HT and DA) have been linked to central fatigue, that is, fatigue that arises from changes within the CNS (or proximal to the neuromuscular junction [14] ). In 1987, Newsholme et al. (65) proposed the so-called central fatigue hypothesis, which stated that fatigue was caused by an increase in brain 5-HT concentration, which induced negative effects on arousal, lethargy, sleepiness, and mood. It was proposed that this mechanism could influence the perception of effort and, therefore, fatigue (65) . Many studies have challenged the ''central fatigue'' hypothesis. Some studies observed, in accordance with the hypothesis, a negative effect of an increase in 5-HT concentration on performance, whereas others could not confirm that finding (for a review, see Roelands and Meeusen 81) . The contrasting findings in literature probably result from the complexity of the 5-HT neurotransmitter system, as many different receptors and receptor subtypes have been identified, each with different functions and interactions. The lack of consensus among studies that have attempted to manipulate the neurotransmitter system suggests that 5-HT is not the key factor in the development of central fatigue; it also indicates that the results could also be ''drug specific.'' Mixed effects on performance are also observed for drugs that influence the catecholamines NA and DA, with different results from drugs that manipulate NA or DA or both neurotransmitters at the same time. The NA reuptake inhibitor reboxetine has been shown to exert no effect or negative effects on endurance exercise performance in normal ambient temperature (52, 72, 79) . However, it is not certain that this is solely through central mechanisms, as reboxetine can also have peripheral effects through the sympathetic system, such as vasodilatation and increased heart rate, and an influence of these on performance cannot be ruled out. DA FIGURE 1-Schematic of neural contributions to muscle fatigue in single-joint exercise. Peripheral fatigue is attributed to processes at or distal to the neuromuscular junction, whereas central fatigue is attributed to processes within the nervous system. In the neuromuscular pathway, force is generated by contraction of the muscle fibers. Strength and timing of contraction are controlled by the firing of the motoneurons. Motoneuron firing is influenced by the properties of the motoneurons, feedback from sensory input, and descending drive. There are fatigue-related changes at all of these levels (see Changes in the neuromuscular pathway with fatiguing exercise section). As well as influencing the neuromuscular pathway, group III/IV muscle afferent feedback interacts with cardiovascular and respiratory processes via the autonomic nervous system (see Feedback from fatigue-sensitive muscle afferents section). In addition, departures from homeostasis during whole-body exercise influence performance through supraspinal mechanisms (see Brain changes associated with performance section).
can be manipulated by methylphenidate, which both increases release and inhibits reuptake of DA and, thus, creates a large increase in the extracellular concentration of DA in the synapse. Methylphenidate improved exercise performance, with a longer time to task failure and a higher power output during cycling at a fixed rating of perceived exertion (90) . On the other hand, it did not improve self-paced time trial performance in 18-C (80) . This contrast suggests that the exercise protocol used to induce fatigue may also influence the outcome. Finally, after the administration of a dual DA/NA reuptake inhibitor (bupropion), subjects finished a predetermined amount of work in the same time (89 min) as after the administration of a placebo (71) , illustrating that even when a combined reuptake inhibitor is used, it can be difficult to alter exercise performance through neurotransmitter manipulation. In a different protocol (97) using the same drug, bupropion, subjects first cycled for 1 h at 55% of maximal workload, immediately followed by a time trial to measure performance. Again, there was no difference in performance in a normal environmental temperature, but compared with placebo, the core temperature was significantly elevated during the time trial with no changes in the subjects" ratings of perceived exertion and thermal stress scale (97) . This increase in temperature indicates that the manipulation of the catecholaminergic system could cause a perturbation of thermoregulation. Fatigue during wholebody exhaustive exercise is sometimes influenced by disturbances of neurotransmitter homeostasis; however, in a ''normal'' temperature, it seems difficult to challenge fatigue mechanisms and perturb performance through drugs that influence neurotransmitter systems.
FATIGUE IN HIGH ENVIRONMENTAL TEMPERATURE
Neurotransmitters play a key role in the control of thermoregulation and are thought to mediate thermoregulatory responses. Serotonergic (5-HT), NA, and DA pathways to the hypothalamus indicate their key role in temperature regulation (81) . Therefore, shifts in the extracellular concentrations of these neurotransmitters could be expected to contribute to changes in thermal regulation and, consequently, to the onset of fatigue, specifically when exercise is undertaken in a warm (e.g., 30-C) environment (81) . In a series of experiments, the influence of neurotransmission on endurance performance in the heat was examined (for a recent review, see Roelands et al. 77) . This paradigm was chosen because in the previous experiments with bupropion, core temperature was elevated by~0.3-throughout the experiment compared with the placebo situation. Thus, exercise in a hot environment in combination with the manipulation of neurotransmitter systems could be a way to explore the brain mechanisms that limit performance in the heat.
When the 5-HT reuptake inhibitor citalopram was used to increase the brain content of 5-HT (78) , no significant changes in endurance performance were detected. Also, other studies (88, 89) were not able to influence performance and therefore fatigue during exercise in a hot environment. Thus, 5-HT is certainly not exclusively responsible for the onset of central fatigue during prolonged exercise in normal or high environmental temperature.
As in the normal temperature environment, the NA and DA neurotransmitter systems may have different effects on performance in a warm environment. NA reuptake inhibition by the administration of reboxetine reduced performance in the heat. Subjects took 20% longer to complete a cycling time trial after reboxetine administration compared with the placebo administration (79) .
The administration of methylphenidate, which increases DA in synapses, improved time trial performance in 30-C by 16%, an outcome that coincided with an average maximal core temperature of 40-C T 0.6-C, much higher than that in the placebo trial (39.1-C T 0.7-C). Strikingly, both the ratings of perceived exertion and the thermal sensation were not different from the placebo. This indicates that subjects did not feel they were producing more power and, consequently, more heat. The authors concluded that the ''safety switch'' or the mechanisms existing in the body to prevent harmful effects are overridden by the drug administration (80) . Taken together, these data indicate strong ergogenic effects of an increased DA concentration in the brain, without any change in the perception of effort.
Similarly, Watson et al. (97) examined the combined effects of DA and NA (by use of bupropion) on time trial performance in the heat and found a significant improvement compared with placebo. Coinciding with this ergogenic effect, the authors observed core temperatures that were significantly higher compared with the placebo situation (bupropion 40.0-C T 0.3-C, placebo 39.7-C T 0.3-C, P = 0.017). Like methylphenidate (80) , bupropion may also dampen or override inhibitory signals arising from the CNS to cease exercise due to hyperthermia and enable an individual to continue to maintain a high power output (97) . This outcome may suggest that after the acute administration of bupropion, the initial central influence originates from the DA neurotransmitter system rather than from the NA system. The possible underlying mechanisms were explored in an animal study, which showed that acute intraperitoneal bupropion injection produced increases in brain and core temperature and a decrease in tail temperature (heat loss mechanism) through an increase in NA and DA in the preoptic area of the anterior hypothalamus (40) . Thus, it seems that the manipulation of neurotransmission in the ''thermoregulation center'' of the brain (preoptic anterior hypothalamus) is one of the mechanisms that negatively influences the rise in core temperature, therefore disturbing the adaptation to a homeostatic challenge.
The manipulation of neurotransmitter systems during exercise in the heat can also affect the pacing strategies subjects use during time trials (76) . That is, there are effects on how subjects expend effort over the duration of a time trial (or race) and, hence, effects on the time distribution of speed, power output, or use of energetic reserves. After DA reuptake inhibition compared with placebo, subjects are able to maintain a higher power output throughout a time trial. The manipulation of serotonin and, especially, NA has the opposite effect and forces subjects to decrease power output early in the time trial. Interestingly, after the manipulation of brain serotonin, subjects are often unable to perform an end sprint, indicating an absence of a reserve capacity or motivation to increase power output. Taken together, it appears that many factors, such as ambient conditions and manipulation of brain neurotransmitters, have the potential to influence power output during exercise and might thus be involved as regulatory mechanisms in the complex skill of pacing (76) .
The brain mechanisms responsible for fatigue during whole-body exercise are complex and are likely to involve integrative pathways. In normal ambient temperature, the manipulation of monoaminergic neurotransmitters during exercise gives equivocal results. Effects become clearer with exercise in high ambient temperatures, and the thermoregulatory system may have an important influence on performance. As shown by changes in perceived exertion and pacing strategy, as well as body temperature, it seems that not only motor and thermoregulatory pathways but also sensory and cognitive pathways work in concert to control power output and the development of fatigue during self-paced whole-body exercise.
CHANGES IN THE NEUROMUSCULAR PATHWAY WITH FATIGUING EXERCISE
Voluntary movements and muscle forces are generated by muscle fibers, which are controlled by the firing of spinal motoneurons. These receive sensory and descending signals from multiple sources. The corticospinal tract from the primary motor cortex to the spinal cord is especially important for the control of voluntary movement in humans. During fatiguing exercise, changes occur at each level of this neuromuscular pathway (Fig. 1) .
Motor unit firing in fatiguing contractions. The intimate connection between the CNS and the muscle is captured by the definition of the motor unit (MU): the spinal motoneuron and the muscle fibers innervated by its axon. The MU is the functional (controllable) or elemental portion of the neuromuscular system involved in motor output. The CNS, through a variety of excitatory and inhibitory inputs and intrinsic properties of the motoneurons, ultimately activates MUs to achieve force output: Sherrington"s final common pathway. The tight link and the high fidelity of the muscle fiber"s response to motoneuron output allow insights into the spinal motoneuron function from the electromyographic recordings of the peripheral muscle.
For the activation of muscle fibers, MUs are recruited or derecruited in a usually robust orderly fashion based on motoneuron size (see Heckman and Enoka [41] ), essentially controlling the amount of muscle tissue being activated.
Once a MU is recruited, force output can be further modulated by the rates of action potentials arriving at the muscle fiber. Muscle fibers are extremely responsive to relatively small variations in MU firing rates, taking advantage of the ''active state'' processes (41) . When first recruited in a healthy system, MUs usually fire at 5-8 Hz (41), although in certain tasks, some MUs may initially fire doublets (two to three action potentials at 100 Hz or more) to rapidly enhance rates of force development (39) .
During brief nonfatiguing voluntary contractions in humans, mean MU firing rates as high as 50-60 Hz have been recorded from different (usually limb) muscles (27) . Therefore, the working mean firing rate range varies a remarkable 8-to 10-fold, although muscle seems most responsive to rates between 10 and 40 Hz (30), and these are the more frequently recorded rates from large numbers of MUs.
In fatiguing contractions, MU recruitment has been less well studied than firing rates, but it seems that recruitment order is not changed, although recruitment thresholds may be altered depending on the task (2, 17, 28) . In addition, during long endurance lower-intensity tasks, new MUs are likely recruited and active MUs may drop out (derecruited) for a period and then become activated again (67) . This process is called MU rotation or substitution (41) . Changes in MU firing rate during a variety of fatiguing tasks, albeit studied mostly under isometric contractions, have been well described in many human muscles. Because of the muscle"s responsiveness to changes in rates of excitation and the large range of rates recorded from human MUs, it is perhaps not surprising to expect rates to be modulated when the system is challenged or stressed with repetitive activation. However, similar to other portions of the system described herein, the type of fatiguing task is a key factor.
During isometric contractions, the most consistent finding is that MU rates decline during intermittent or sustained maximal voluntary contractions (MVC) perhaps by as much as 50% compared with initial values regardless of their starting rate (12, 31, 99) ; however, there are rare exceptions to this observation (59) . As discussed in the next section, fatigue-induced reductions in firing rates are due to one or a combination of a decline in neural drive, local intrinsic adaptations of the motoneuron (41), or peripheral inhibitory feedback mechanisms. The relative contributions of these effects probably depend on the muscle studied and the duration of the high-intensity task. Studies in healthy age adults with an altered MU system (42) expressing lower initial firing rates show the same response during highintensity tasks (21) . This indicates that a reduction in firing rate is a fundamental response of the system"s output. However, during submaximal fatiguing tasks, MU firing rates show extremely variable responses that are not easy to categorize. At moderate intensity (40%-50% MVC) during intermittent actions, the first recruited MUs usually show declines in firing rates, but units recruited during the task may increase their rates (17, 50) presumably in an effort to sustain the force. During contractions below 30%-35% MVC, MU rate changes vary among units. No change, increases in rates, decreases in rates, or variable changes among MUs within the same experiment have been reported (reviewed by Harwood et al. [37] ). At intensities of 20% MVC or less during long contractions, units may show no change in rates but increase in variability in interdischarge intervals as task failure approaches (67) . Indeed, many factors, including whether sustained or intermittent tasks, muscles of upper limb or lower limb, proximal or distal muscles, composition and architecture of the muscle in terms of muscle fiber types and MU numbers, and training status, among others, can all be reasonably speculated to variably influence rate changes with submaximal fatiguing contractions. Thus, many potential factors need to be considered or carefully controlled when interpreting and comparing results across studies. Furthermore, unlike at higher contractile intensities, the opportunity for changes in recruitment and derecruitment of MUs is much greater in fatiguing submaximal tasks, which can affect discharge rates. However, relatively few studies have assessed concurrently the interaction between recruitment and rate coding during fatiguing tasks (61) . Finally, interpretations of fatiguerelated changes in MU output in many studies cited here have necessarily been directed by findings obtained from single MUs, but from a functional aspect, the system uses groups of concurrently activated MUs. Therefore, further understanding of these processes would benefit from assessments of multiple MU pools during fatiguing contractions.
Dynamic contractions have been less well studied due to the technical challenges of making reliable recordings of individual MUs during muscle length and architectural changes associated with joint rotations. Although initial MU firing rates can be higher due to greater central drive or other facilitatory processes related to fast shortening contractions when compared with isometric contractions (38) , during dynamic fatiguing shortening contractions at either submaximal (37) or high-intensity levels (19) , maximal rates decline and with greater declines for the higher-intensity task. Similar to isometric studies, MU firing rates show variable or no changes after a submaximal fatiguing shortening task (35, 37) . Following muscle-damaging eccentric contractions, when strength was reduced immediately and for the subsequent 24 h, the very few studies indicate that MU firing rates are slightly increased in relation to substantially lower recruitment thresholds compared with before the eccentric tasks (for a review, see Semmler [82] ). With continuing improvements and validation of highdensity surface electrodes (28) and miniaturization of intramuscular multichannel electrode arrays (64) , recording of MU properties may be forthcoming from more complicated dynamic fatiguing tasks involving multiple-joint actions such as walking or cycling.
Motoneuron excitability during fatiguing contractions. The one-to-one relationship of the firing of a motoneuron and the muscle fibers that it innervates means that the behavior of MUs (see previous section) represents the output of the motoneurons during fatiguing contractions. This output is influenced by the intrinsic properties of the motoneurons, the effects of neuromodulators such as serotonin and noradrenaline, and the synaptic input from sensory feedback and descending drive (Fig. 2) . All of these influences can change with fatiguing exercise and these changes vary with task.
Several lines of evidence suggest that repetitive activation of motoneurons leads to a reduction in their excitability or response to excitatory synaptic input. First, in animal preparations, an individual motoneuron activated by current injection fires repetitively but this firing slows with time (for a review, see Brownstone [15] ). Second, in humans, the feedback of the firing rate of a motoneuron can be provided through single MU recording. When subjects voluntarily hold this firing rate steady over several minutes, additional MUs are progressively recruited. This implies that the target motoneuron requires progressively more descending drive to maintain the same output (46) . Third, muscle responses to the stimulation of corticospinal axons at the cervicomedullary junction (cervicomedullary motor evoked potentials [CMEP]) are reduced when measured from the elbow flexor muscles during a sustained MVC (92) . As direct cortical projections to motoneurons lack presynaptic inhibition, the reduction in CMEP suggests a reduction in motoneuron excitability. Furthermore, this reduction is magnified if the influence of descending drive on the motoneurons is temporarily removed by preceding transcranial magnetic stimulation (TMS), which briefly inhibits voluntary output from motor cortex. Without ongoing descending drive, motoneurons are profoundly less responsive after only 15 s of maximal activity (63) . Finally, if similar stimuli (CMEP in the period of EMG silence following TMS) are delivered during a sustained submaximal voluntary contraction, CMEPs are also progressively reduced in size. However, small CMEPs are more affected than larger CMEPs (62) . Because smaller, lower-threshold motoneurons are recruited before larger motoneurons (i.e., size principle), both in voluntary contractions and in response to corticospinal stimulation, the differential effect suggests a reduction in the excitability of the motoneurons that fired repetitively in the sustained voluntary contraction with little effect on the larger, higher-threshold motoneurons (17) . If repetitively active motoneurons are specifically reduced in excitability compared with nonactive or less active motoneurons in the same pool, this suggests a change in intrinsic properties as the underlying mechanism because other influences such as altered afferent or descending input would affect motoneurons across the pool. The specific intrinsic properties that change with repetitive activation are as yet unknown.
Descending neuromodulatory systems are likely to be important for exercise (48) . For example, in reduced preparations, monoamines such as serotonin, NA, and DA promote locomotion or influence its rhythmicity through diverse actions on neurons in the locomotor circuits (e.g., [83] ). As yet, the integration of these systems into the control of voluntary movement is not well understood, but the serotonergic system has recently been proposed to contribute to fatigue (18) . The actions of serotonin on motoneurons are complex (68) . Descending serotonergic neurons synapse onto the dendrites and soma of motoneurons, where serotonin acts via 5-HT2 receptors to increase the excitability of the motoneurons (e.g., 48, 68) . Such excitatory actions should aid in motor output rather than contribute to fatigue. Indeed, during rhythmic movements such as walking, the presence of neuromodulators may counteract the changes in intrinsic properties, which lead to reduced excitability with repetitive firing of motoneurons (16) . However, in addition to the 5-HT2 receptors, inhibitory 5-HT1A receptors have been identified on the axon initial segment of motoneurons. In turtle spinal cord, a high level of descending serotonergic drive results in the spillover of serotonin from the synapses on the dendrites to the receptors on the axon initial segment and inhibits motoneuron firing (18) . During motor tasks, serotonin is thought to be released relatively diffusely in the spinal cord (48) . Studies in animals suggest more release with increased speed of treadmill running, but an eventual decrease with prolonged exercise (29, 34) . Indirect measures in humans suggest that release is graded with the strength of voluntary contraction (98) . Thus, the descending serotonergic system could reduce motoneuron excitability and contribute to fatigue either through withdrawal of its facilitatory actions at the dendrites, as may happen with prolonged exercise, or through spill over and activation of its inhibitory extrasynaptic receptors with strong contractions. So far, there is no direct evidence of serotonin"s role at the motoneurons in fatigue, although 5-HT1A receptors are present on human motoneurons (53) and human motoneuron excitability can be reduced by ingestion of a 5-HT1A agonist (20) .
In addition to intrinsic changes of the motoneuron properties with repetitive activity and through neuromodulatory systems, the excitability of the motoneuron pool can be modulated by the afferent feedback (26, 92) . The ionotropic synaptic input received by the motoneuron during fatiguing contractions comprises concurrent increases in excitatory (descending drive and muscle spindle afferents) and inhibitory (group Ib, groups III and IV, and Renshaw cells) afferent feedback. The inhibitory influence of Golgi tendon organs (group Ib afferent) and Renshaw cells should not play a substantial role as their activity is mainly diminished during fatigue (31) . By contrast, firing of group III/IV muscle afferents is increased, and it is well accepted that this leads to reduced motoneuron firing. The exact mechanisms of this reduction remain debated but likely include the direct inhibition of some motoneuron pools, presynaptic inhibition of Ia afferents and supraspinal effects that reduce descending drive (25, 43, 60, 70, 99) . The widespread influences of group III/IV muscle afferents on muscle fatigue are further discussed below (see Feedback from fatigue-sensitive muscle afferents section). FIGURE 2-Influences on the firing of spinal motoneurons during fatiguing maximal contractions. During fatiguing maximal contractions, motoneuron firing rates decrease. There are multiple influences on the motoneurons. Those described in the text are illustrated. First, repetitive activation (repeated firing) of motoneurons makes them less excitable, but the precise mechanism is not known. Second, group III/IV muscle afferents are mechanically and/or chemically sensitive and increase their firing during fatiguing contractions. These afferents inhibit some motoneuron pools but excite others. Third, group Ia muscle afferents (from muscle spindles) are thought to decrease their firing and also to undergo additional presynaptic inhibition. This represents a decrease in excitatory drive to the motoneurons. Fourth, supraspinal fatigue, measured during maximal isometric contractions, suggests that excitatory drive from the motor cortex is also lower than it could be. Finally, it has been proposed that high serotonergic drive from the medulla may result in inhibition of motoneurons through activation of extrasynaptic receptors.
Among the sensory receptors, muscle spindles have a facilitatory effect on the motoneuron pool. This facilitation can be modulated by change in the transduction properties of the sensory receptor and in the transmission of the Ia pathway. A pioneering study using microneurography reported a progressive decline in the discharge of muscle spindle afferents from the human pretibial muscles during a sustained (~1 min) submaximal isometric contraction (e30% MVC) (58) . This observation suggested that a progressive disfacilitation of the alpha motoneuron pool, associated with depressed gamma motoneuron activation and, hence, decreased spindle firing, may contribute to the decline in MU discharge rate during a sustained contraction (58) .
However, the facilitatory effect of muscle spindle output on the motoneuron pool can also be modulated by altered transmission before the motoneuron (i.e., presynaptic inhibitory mechanisms). This has been studied by the measurement of changes in short-and long-latency reflexes evoked by weak electrical stimulation of the Ia fibers of the corresponding muscle (23, 25) . The short-latency reflex (Hoffmann or H-reflex) comprises a spinal loop through largely monosynaptic input to the motoneurons, whereas the long-latency reflex involves transmission of the induced activity to supraspinal centers to evoke cortical output, which in turn reaches the motoneurons in the spinal cord.
When subjects sustained an MVC with the abductor pollicis brevis until force declined to 50% of maximum, the amplitude of the H-reflex decreased progressively by 30% without any change in the amplitude of the long-latency reflex (25) . As both reflex responses share the same motoneuron pool, the differential changes indicated a reduction in Ia afferent input by mechanism(s) located prior to the motoneuron. This implies that not only spindle firing may be decreased, as noted previously, but also the efficacy of Ia input to facilitate the motoneuron pool is progressively reduced. A comparable decrease in H-reflex amplitude was also seen in fatiguing submaximal (25% and 50% MVC) contractions held to failure (23) . Furthermore, when normalized to the duration of the contraction, the rate of change of the H-reflex was similar regardless of the intensity and duration of the contraction.
In contrast to the consistent reduction in H-reflex amplitude for the different intensities and durations of contraction, the amplitude of the long-latency reflex varied with the target force. Although, the long-latency reflex was unchanged at the end of the sustained MVC, it exhibited a progressive decline in amplitude for submaximal contractions (25% and 50% MVC) (23) . This reduction was greater for the lower target force and the longer duration of contraction (25% MVC). Because the long-latency reflex follows a supraspinal pathway that does not involve presynaptic inhibitory mechanisms, these results suggest that the reduced amplitude may reflect intrinsic changes of the motoneuron properties and the effect of neuromodulatory systems. The control of excitatory synaptic input at a presynaptic level has also been observed for the antagonist muscles. During a sustained submaximal contraction of the elbow flexors, the H-reflex response in triceps brachii decreased, whereas the amplitude of the CMEP, which is not influenced by presynaptic inhibition, increased (54) . This specific modulation likely allows a precise control of coactivation during submaximal fatiguing contractions (24) . Regardless of the exact mechanisms, these observations indicate a subtle control of the afferent feedback to the motoneuron pool of both agonist and antagonist muscles during fatiguing tasks.
Together, the results of these studies suggest that changes in the intrinsic properties of active motoneurons and disfacilitation of the motoneuron pool both occur during prolonged fatiguing contractions. In addition, an influence of descending neuromodulatory systems is probable. Thus, multiple mechanisms likely explain why spinal motoneurons become progressively harder to activate.
Motor cortical drive and excitability during fatiguing contractions. During a sustained MVC, the surface EMG activity drops progressively because motoneurons a) become less responsive to synaptic input, b) receive decreased afferent feedback from muscle spindles, and c) receive insufficient descending drive due to supraspinal fatigue ( Fig. 2) (92) . By contrast, during a submaximal task sustained for a long period, surface EMG activity increases progressively. In sustained isometric contractions, this is associated with an increase in the size of motor evoked potentials (MEPs) evoked by transcranial magnetic stimulation (TMS) (e.g., [51, 54, 87] ). Thus, augmented excitatory descending drive is usually thought to represent a compensation mechanism for contractile failure and the loss of spinal excitability (44, 51, 54, 87) . Indeed, intramuscular EMG recordings indicate that although some MUs can stop discharging during a sustained submaximal fatiguing contraction about a single joint (17, 69) , enhanced descending drive recruits additional MUs (17, 33) . Furthermore, the discharge rate of the newly activated MUs progressively increases after their recruitment before a later decline, as is the case for the MUs activated from the beginning of the task (17, 75) .
The intensification of descending drive is, however, limited in capacity and time, and a progressive reduction of the ability of the brain to drive the muscle maximally can be observed during and shortly after both maximal and submaximal single-limb and whole-body exercise. Stimulation of the motor cortex with a single TMS pulse during a brief MVC provides a method to assess the maximality of the output from the brain in humans (32) . The presence of a twitch-like response on the force signal indicates that the voluntary output of the brain is not maximal because extra output can be evoked, and also that it is suboptimal to activate all MUs at their full capacity despite the subject"s maximal effort. This may not necessarily indicate a reduction in motor cortical output or excitability, as the same descending drive could become less effective with reduced motoneuron excitability. However, as output remains untapped by voluntary effort, it does suggest a failure to use all resources to generate output from the motor cortex (32, 93) .
Thus, an exercise-related increase of the superimposed twitch during an MVC is a classic marker of supraspinal fatigue. Using this method, supraspinal fatigue is relatively modest (accounting for~25% of the loss of force) for shortduration sustained MVCs (~2 min), and most of the fatigability encountered is located in the muscle (32) . By contrast, for long-duration submaximal contractions (e15% MVC), the reduced ability of the brain to drive the muscle develops incrementally during the effort and contributes to a greater extent (50%-66%) to the whole level of fatigability than during a brief MVC (92) . Similarly, greater supraspinal fatigue also occurs with lower-intensity, but longer duration, whole-body exercise (94) .
Despite the development of supraspinal fatigue, EMG responses to TMS suggest increased excitability of the motor cortex during fatiguing single-limb contractions. During submaximal contractions, increases in MEP size are associated with increases in voluntary EMG and at least partly reflect augmented cortical excitability associated with more voluntary cortical output (51, 53, 87) . When the submaximal task requires EMG to be maintained steady, MEP size does not increase, but the subcortically evoked CMEP decreases, with the comparison again suggesting an increase in cortical excitability (62) . Similarly, during sustained maximal contractions or in brief MVCs performed in the midst of a submaximal task, MEPs increase in size despite reductions in ongoing EMG. However, some inhibitory responses to TMS also increase during fatiguing efforts, so that changes in the primary motor cortex are not as simple as just extra excitation (for a review, see [36, 92] ). Furthermore, during cycling to task failure, MEP size in the knee extensors does not increase, raising the possibility that neural changes with fatigue differ in single-limb and locomotor exercise (84) .
Imaging studies also offer insight into the activity of the motor cortex and other areas of the brain during fatiguing single-limb contractions. During prolonged submaximal contractions with hand muscles, as EMG increases, the fMRI BOLD signal increases progressively in the contralateral sensorimotor cortex, as well as in other motor areas, including the supplementary motor area, the cingulate motor area, and the ipsilateral sensorimotor cortex (57, 95) . By contrast, although activation in cortical motor areas also increases during sustained maximal efforts, EMG and voluntary activation decrease, demonstrating that the increases in brain activity are not sufficient to maintain neural drive to the muscle (74) . Although the increases in the BOLD signal in the motor cortex may suggest increases in motor cortical output during both submaximal and maximal tasks, the interpretation of such changes is complex. Indeed, both excitatory and inhibitory activity could contribute to the extra BOLD response, along with recruitment of neurons engaging muscles not critical to the task and the effects of changing sensory feedback (74) . Therefore, it is unclear how much of the increased response reflects an increase in descending drive to the fatigued muscle (74) . For submaximal efforts, increasing voluntary EMG indicates increased excitatory input to the motoneuron pool and strongly suggests that motor cortical output is increasing. However, for maximal efforts, fMRI does not distinguish whether supraspinal fatigue is associated with a decrease in motor cortical output or an unchanged or increased output that has become less effective.
Cortical and spinal contributions to task failure. To determine the relative influence of spinal and cortical mechanisms on the endurance time, Klass et al. (51) compared two tasks that differed by the type of load used. The tasks consisted of sustaining a submaximal contraction at 20% maximum with the elbow flexor muscles while subjects either supported an inertial load (position task) or produced an equivalent constant torque against a rigid restraint (force task). Despite the similar load torque in both conditions, the time to task failure was about half as long for the position task as for the force task (see also Hunter and Enoka [44] and Klass et al. [51] ). At the end of the two tasks, when the subject was unable to continue, the superimposed twitch evoked by TMS, reflecting supraspinal fatigue, was increased similarly. The level of peripheral fatigue, assessed by the muscle twitch evoked by a single maximal electrical stimulation of the motor nerve, was also similar in both conditions. By contrast, the time course of change for the H-reflex response, induced by weak electrical stimulus of the Ia fibers in the brachial plexus, differed between the two tasks. It declined more quickly and to a greater extent for the position task, which suggested that spinal mechanisms constrained the endurance time in the position task compared with the force task (51) .
Another approach to examine the contribution of the reduced output from the brain on the performance of a motor task is to manipulate pharmacologically the concentration of some brain neurotransmitters by the administration of drugs that inhibit specifically the reuptake of these neurotransmitters (see Brain changes associated with performance section). Klass et al. (52) compared the influence of reuptake inhibitors for NA (reboxetine) or DA (methylphenidate) with a placebo on the performance of well-trained subjects on a 30-min time trial performed on a cycle ergometer at 75% of maximum power production. With the inhibition of NA reuptake, the average power produced during the time trial was reduced compared with the other two conditions. As a consequence, the time to complete the time trial was comparable for the placebo and DA conditions, but~12% longer for the NA condition. Interestingly, the level of voluntary activation, assessed by TMS at 10 min after the time trial, was also different from preexercise values (~97%) only for the NA group (~8% reduction). Consistent with these observations, the time to complete a reaction time test, which assessed psychomotor vigilance, remained unchanged after the time trial for the placebo group, was faster with inhibition of DA reuptake, and was slower with inhibition of NA reuptake. In conclusion, the manipulation of the brain neurotransmitter NA, but not DA, compromised neural adjustments during the time trial in well-trained individuals.
Together, these findings indicate that the endurance time of a fatiguing task is reduced by a depressed synaptic input from Ia afferent feedback and a decline in the capacity of the CNS to provide maximal excitation to the motoneurons. The rate-limiting adjustments of these two factors that constrain muscle function during fatiguing contractions are, however, task dependent.
FEEDBACK FROM FATIGUE-SENSITIVE MUSCLE AFFERENTS
As noted in the previous sections, muscle contractions activate various receptors linked with sensory neurons innervating skeletal muscle. This stimulation changes the discharge frequency of these nerves and, consequently, their feedback to the CNS, including the brain and the spinal cord. Sensory nerves can be separated by their function, diameter, and conduction velocity (with the latter two depending on the degree of myelination) and have been classified as groups I-IV. The small-diameter muscle afferents (i.e., groups III and IV) are most closely related to the changes in neural activity observed during fatiguing contractions. Most of the thinly myelinated group III afferents are mechanically sensitive and respond to muscle contraction and/or stretch, whereas group IV (and some group III) muscle afferents and associated receptors (see next section) are sensitive to various intramuscular metabolites and metabolic changes within the contracting muscle as well as noxious levels of mechanical strain.
Recent findings in animals (45, 56) and humans (73) suggest the existence of two subgroups of metabosensitive group III/IV muscle afferents characterized by anatomical and functional differences (5) . One subtype, the so-called metabo-or ergoreceptors, responds to innocuous levels of intramuscular metabolites (lactate, ATP, and protons) associated with ''normal'' (i.e., freely perfused and predominantly aerobic) exercise (11, 55) up to strenuous intensities. By contrast, the other subtype, the so-called metabonociceptors, only respond to higher (and concurrently noxious) levels of metabolites present in muscle during ischemic contractions or after hypertonic saline infusions-but not to nonnoxious metabolite concentrations associated with normal exercise (45, 56, 73) . The specific phenotypical distinction of metaboreceptors versus metabonociceptors remains elusive to date. It is, however, recognized that molecular differences between the two subtypes include the differential expression of purinergic receptors (P2X2, 3, 4) , transient receptor potential vanilloid type 1 and/or 2, and acid-sensing ion currents 1, 2, and 3 (45, 56) . Although the two different subtypes of group III/IV muscle afferents project to the same location in the superficial dorsal horn (45) , it is currently unknown to what degree each subtype is anatomically linked to lamina I neurons, which have direct projections to various supraspinal sites.
Group III/IV muscle afferents have been documented to substantially influence the development of peripheral and central fatigue during both single-joint and whole-body exercise.
Role of afferents in peripheral fatigue. Group III/IV muscle afferents affect the development of peripheral fatigue through their involvement in the regulation of the cardiovascular, hemodynamic, and ventilatory response to exercise (Fig. 3) . The very rapid increases in these parameters after the onset of exercise are substantially influenced by group III/ IV-mediated feedback from the working muscle (49) and central command (i.e., a feedforward signal originating within the brain and related to motor output) (96) . Exercise-induced increases in ventilation and central (i.e., cardiac output) and peripheral (i.e., limb blood flow) hemodynamics promote optimal arterial oxygenation and muscle perfusion, which together assure that O 2 demand and delivery are matched in working muscles (22) . Important in this context is the fact that muscle blood flow and O 2 delivery depict key components in the rate of development of peripheral fatigue during both single-joint exercise and activities including a large muscle FIGURE 3-Group III/IV muscle afferents increase central fatigue but attenuate peripheral fatigue. Firing of group III/IV muscle afferents increases during fatiguing contractions. During exercise, these afferents produce reflex increases in heart rate, blood pressure, and respiration to improve muscle blood flow and oxygenation. This slows the development of fatigue of the muscle itself (peripheral fatigue). At the same time, the afferent firing also leads to a reduction in voluntary neural drive to the muscle. That is, it contributes to central fatigue. The precise pathway for this effect is not known. The afferents evoke sensations of muscle discomfort and fatigue, increase supraspinal fatigue, presynaptically inhibit Ia input to motoneurons, and have differing actions on different motoneuron pools.
http://www.acsm-msse.org mass (e.g., whole-body exercise) (12) . Specifically, decreases in blood flow/O 2 delivery exacerbate this rate, whereas increases attenuate this rate (4) . Consequently, by facilitating the circulatory and ventilatory response to exercise, group III/IV muscle afferents ensure adequate muscle blood flow/O 2 delivery and thereby prevent premature fatigue of the contracting muscle (3) .
Aging might shift this positive influence of muscle afferent feedback on the development of peripheral fatigue through altering the role of these neurons in determining central and peripheral hemodynamics. Briefly, although group III/IVmediated feedback plays a clear role in facilitating limb blood flow and therefore O 2 delivery during exercise in the young, these afferents seem to actually reduce limb vascular conductance in the elderly and may explain the limited exerciseinduced peripheral vasodilation/limb blood flow often associated with aging (86) . Although this would suggest that group III/IV muscle afferents may actually facilitate the development of peripheral fatigue during exercise in the elderly, there is currently no data confirming this hypothesis.
Heart failure clearly exacerbates the group III/IV-mediated effect on vascular conductance and muscle blood flow/O 2 delivery seen in healthy older individuals and exacerbates the development of fatigue during physical activity (10) . Patients with heart failure are characterized by exaggerated group III and/or group IV-mediated afferent feedback, which is thought to account for the exaggerated sympathoexcitation (10, 66) . Recent data demonstrate that when heart failure patients perform exercise with pharmacologically (lumbar intrathecal fentanyl) blocked group III/IV muscle afferents, sympathetic outflow is attenuated and leg blood flow/O 2 delivery significantly increased compared with control exercise. Importantly, this blockade-induced increase also attenuated the development of fatigue (as assessed via the pre-to postexercise decrease in MVC) in these patients (10) . Therefore, the abnormally elevated neural feedback (i.e., related to group III/IV muscle afferents) associated with heart failure exacerbates the rate of development of fatigue in patients with heart failure.
Role of muscle afferents in central fatigue. Feedback from group III/IV muscle afferents during fatiguing exercise directly or indirectly impairs the output from spinal motoneurons, which can compromise voluntary muscle activation and, consequently, exercise performance (Fig. 3 ) (7, 13, 32, 91) . This interaction has been demonstrated during single-joint exercise where the output from motoneurons (i.e., surface EMG) and voluntary muscle activation (estimated from superimposed twitches elicited by TMS) was found to progressively decrease during a 2-min maximal isometric elbow flexion but to recover to preexercise baseline levels within minutes after the cessation of exercise. However, at the end of exercise, when a blood pressure cuff was inflated around the arm to trap metabolites within the elbow flexors and therefore to maintain the firing of group III/IV muscle afferents during the postexercise rest period, motoneuronal output and voluntary muscle activation remained low and did not recover until the cuff was deflated, circulation restored, and group III/IV-mediated feedback recovered (32). As noted above, reduced motoneuron output has been variously attributed to a direct inhibition of the motoneurons for some muscles, a reduction in excitatory input through presynaptic inhibition of Ia afferents, and a reduction of descending drive.
Group III/IV muscle afferents also exert inhibitory influences on the output from motoneurons during wholebody exercise. This was shown in a series of studies where subjects performed high-intensity cycling exercise to exhaustion under control conditions and with pharmacologically blocked (lumbar intrathecal fentanyl) afferent feedback from locomotor muscle. The unanimous observation was that output from spinal motoneurons (estimated via surface EMG) is less restricted and significantly higher during exercise with blocked group III/IV locomotor muscle afferents compared with the identical exercise performed with intact feedback (3, 6, 7) . Interestingly, this inhibitory influence on motoneuronal output is not only specific to the working and fatiguing locomotor muscle but can also cross over to affect muscles/muscle groups not directly involved in the locomotor task (85) . Together, these observations highlight the significant involvement of group III/IV muscle afferents in the development of central fatigue during intense wholebody endurance exercise.
Investigating the effect of group III/IV muscle afferents on performance during longer duration, predominantly aerobic, exercise is challenging. The difficulty arises from the twofold role these neurons play in an exercising human. Specifically, although they limit motoneuronal output and, consequently, voluntary muscle activation, their contribution to attenuate the development of peripheral fatigue (by facilitating circulation and respiration during exercise, see previous section) is essential. Therefore, manipulating muscle afferents during exercise affects both central and peripheral mechanisms of fatigue, and the net effect depends on how one effect outweighs the other. In a recent study designed to circumvent this caveat, subjects performed dynamic single leg knee-extensor exercise to task failure (inability to maintain 85% of peak power output) in one leg immediately followed by the identical task in the other leg (9) . The goal was to determine whether afferent feedback arising from the knee extensor, which was first exercised/exhausted, limits endurance exercise performance of the consecutively exercising contralateral knee extensor. Various control experiments allowed the exclusion of other limiting influences on the endurance performance of the consecutively exercising contralateral leg (e.g., no peripheral fatigue, uncompromised ventilatory, and circulatory responses). Afferent feedback associated with exercise to exhaustion in the first leg (~9 min) reduced endurance time to exhaustion of the consecutively exercised contralateral leg by nearly 50%. It was concluded that group III/IV muscle afferent feedback associated with exhaustive endurance exercise has an inhibitory effect on the CNS, which limits output from motoneurons and therefore endurance performance (9) . A similar crossover effect on motoneuronal output and associated effect on exercise performance was also documented to occur from muscles in the upper body (fatiguing arm cranking) to the legs (cycling) (47) .
CONCLUSION
During fatiguing exercise, there are many changes in the nervous system. Some of these contribute to fatigue and others compensate to allow continued task performance despite reduced muscle forces. In the neuromuscular pathway, slowing or cessation of MU firing contributes to the loss of force that marks fatigue, whereas recruitment of additional MUs can compensate for it. These changes in MU firing result from a combination of influences on the motoneurons, including alterations in intrinsic properties, afferent input, and descending neuromodulatory and synaptic inputs. In turn, each of the inputs to the motoneurons is susceptible to fatigue-related effects, which also depend on the specific exercise being performed. An important sensory signal of fatigue comes from the firing of group III/IV muscle afferents. This afferent signal interacts with the autonomic nervous system (8) , as well as with various levels of the motor system (31), and also contributes to conscious sensations of muscle discomfort and fatigue (73) . Finally, the modulation of brain neurotransmitters can alter endurance performance. Such changes are exacerbated by exercise in the heat and may represent the interaction of homeostatic functions, such as temperature regulation, with the motor system and conscious sensations of fatigue. Thus, changes in the neuromuscular, sensory, and homeostatic systems can all contribute to fatigue with exercise. The mix of influences on exercise performance will depend on the task and the conditions under which it is performed. The results of the present study do not constitute endorsement by the American College of Sports Medicine.
